Abstract
Questions Posed Last Presentation
This section aims at summarizing and answering the questions raised during the group presentation on Friday, 16th of January, 2015.
A Note on Dielectric Exclusion (DE)

Background
The dielectric constant, or relative permittivity, of a material m is defined as the ratio of the material's permittivity to that of vacuum. Permittivity, on the other hand, is a measure of a material's ability to polarize in the presence of an electric field. A material with a higher dielectric constant polarizes more in the presence of a field, reducing the field's overall effectiveness. 
Introduction
Since the twentieth century, advances in membrane technology have been at the forefront of engineering innovations shaping humanity's standard of living worldwide [1] . From medical applications such as drug delivery and tissue engineering [2] to industrial applications, ranging from gas separation [3] and water purification [4] to humidity harvesting and dehumidification [5] , the importance of membranes to achieving chemical separation or moderated chemical transport cannot be overstated.
With great progress, however, came greater challenges to achieving high permeability without sacrificing selectivity as evident from the Robeson limit encountered in gas separation [6, 7] and the permeabilityselectivity trade-off commonly reported in the desalination literature [8, 9, 10] . Ensuring optimal performance necessitates developing membranes that are tailored toward a given application. Systematic design of such membranes, however, requires a framework that relates the physical properties of membranes to their rejection characteristics.
The challenge is epitomized in desalination, where the drive for higher selectivity [9, 11, 12] , as well as improved ion selectivity in pretreatment [13] , is pivotal in tackling water scarcity, a global crisis among the most pressing of our time [14] . Standing as the most energy efficient desalination technology [15] , reverse osmosis (RO) is plagued by inorganic fouling, for example, caused by hardness common to sea water and brackish waters [16] .
Nanofiltration (NF) appears to offer a potential solution to hardness-related fouling, owing to its selective rejection of divalent ions relative to monovalent ions. In a work geared towards assessing the potential of NF in desalination pretreatment, Kaya et al. [17] experimentally evaluated the performance of different NF-RO configurations relative to single-stage RO, demonstrating improved permeate recovery as well as reduced RO scaling once NF was employed. Similarly, Macedonioa et al. [18] quantitatively demonstrated, using energetic and exergetic arguments, that NF pretreatment can lower the energy consumption of desalination.
These works, as well as others [19, 20, 21] , underscore the potential of NF in desalination pretreatment.
In the absence of commercial NF membranes specialized for this application, however, the benefits of NF pretreatment for RO feed water are expected to remain marginal.
In search of membranes better suited for the task, Fang et al. [22] pointed out that most commercial NF membranes are fabricated via the interfacial polymerization of piperazine (PIP) and trimesoyl chloride (TMC), leading to a negative surface charge that renders them ineffective at water softening. Setting the stage for a series of developments later in the field, Fang et al. [22] reported instead the fabrication of a novel low-pressure NF membrane by replacing PIP with branched polyethyleneimine (PEI), bringing about a more positive surface charge. The membrane demonstrated a unique softening capacity when operated at low pressure (2 bar), outperforming commercial competitors investigated at the time [22] .
The study was followed by another by Liu et al. [23] , who reported the fabrication of an alternative low-pressure NF membrane for water softening by semi-dynamic layer-by-layer (LbL) polyelectrolyte deposition. The membrane, fabricated by the deposition of poly(styrene sulfonate) or 'PSS' and poly(allylamine hydrochloride) or 'PAH', consistently outperformed that of Fang et al. [22] from a hardness removal standpoint, although suffering in the presence of sulfate in the feed.
In response, Liu et al. [24] later introduced chemical crosslinking by glutaraldehyde (GA), producing a tighter membrane (LbL1.5C) that outperformed the preceding LbL membrane on both permeability and selectivity fronts, rejecting 80-100% of divalent ions with near-zero rejection of sodium ions in the feed. Such iterative efforts, among others [25] , show the need for a systematic approach to guide membrane fabrication.
The challenge is best summed in the words of a review on membrane fabrication by Laila et al. [26] : despite the existence of extensive knowledge on 'tailoring' membrane properties, a deeper understanding linking membrane properties to performance is crucial to the future progress of membrane technology in desalination -and arguably other fields.
With research on the solution-diffusion and pore-flow models dating back to the twentieth century [27, 28, 29] , modeling chemical transport across membranes is as well established as the field of membrane technology. For decades, such efforts have primarily been channeled into understanding what mechanisms govern membrane transport [30, 31] , predicting membrane performance [32] , or designing large-scale membrane systems [33, 34, 35] . Less attention has been devoted to understanding how transport modeling can guide the fabrication of better membranes in light of two main limitations: (1) the lack of a 'sufficiently detailed' model relating membrane performance to its properties on the one hand; and (2) the need for an interdisciplinary effort spanning the distinct fields of membrane fabrication and transport modeling on the other hand. The need for a combined approach has become more evident as research heads in the direction of tailoring membranes for specific applications, as evident from other recent publications [10, 36, 37] .
By coupling transport modeling to membrane fabrication, the present work takes an interdisciplinary approach toward a systematic framework, to our knowledge the first, that addresses this need. Desalination pretreatment by NF is chosen as the application of interest, with the objective of demonstrating the framework in the context of developing a specialized NF membrane for this application. Building on the preceding literature, the well-established Donnan-Steric Pore Model with dielectric exclusion (DSPM-DE), as presented by Geraldes and Alves [32] , is adopted along with the LbL polyelectrolyte deposition [38] as our modeling and membrane modification tools of choice. With the LbL1.5C [24] serving as a benchmark, desirable membrane properties are probed by sensitivity analysis and experimentally validated by systematically fabricated membranes. Showing that a specialized membrane can enhance both permeability and ion selectivity, our work culminates in the development of a superior low-pressure membrane (LbL3), and demonstrates that transport modeling could systematically be employed to benefit membrane fabrication in the lab.
Theoretical Background
To relate modeling and fabrication, a 'sufficiently detailed' transport model should be adopted as a 
Governing equations of NF
Modeling transport across NF membranes is generally a three-step process that considers: solute transport within the active layer, concentration polarization, and solute partitioning at electrochemical equilibrium [13] . Figure 1 provides an illustration of a typical NF membrane in operation. Within the active layer, solute transport is governed by the extended Nerst-Planck equation, describing transport due to diffusion, convection, and electromigration [39] : With length scales approaching those of atomic dimensions, solute mobility in the confining pores of NF membranes is restricted, the apparent rates of diffusion and convection are greatly reduced, and solute transport is said to be 'hindered' [40] . To account for hindered transport, the hindrance factors for diffusion
and convection K i,c are introduced as shown in Eqs. 1-2. Details regarding the calculation of these factors can be found in Section S.1 of the Supporting Information. In addition to the extended NerstPlanck equation, three electroneutrality conditions should also be satisfied within the active layer, at the feed/membrane interface, and in the permeate solution [32] , and are provided in Section S.1.
Background
The dielectric constant, or relative permittivity, of a material m is defined as the ratio of the material's permittivity to that of vacuum. Permittivity, on the other hand, is a measure of a material's ability to polarize in the presence of an electric field. A material with a higher dielectric constant polarizes more in the presence of a field, reducing the field's overall effectiveness. Apart from modeling transport within the active layer, concentration gradients tend to form across membrane interfaces as feed constituents permeate at differing rates ( Fig. 1 ). This phenomenon, commonly referred to as concentration polarization (CP), impacts the permeate flux and quality, and should be considered. Following the model presented by Geraldes and Afonso, the solute flux across the CP layer at the feed/membrane interface can be expressed as the sum of fluxes due to back-diffusion, electromigration, and convection [41] :
Here, the mass transfer coefficient is denoted as k At steady state, the solute flux should also satisfy the conservation equation:
The final step in modeling solute transport involves accounting for the solute partitioning that occurs at electrochemical equilibrium. Setting the electrochemical potential equal across both sides of a membrane interface yields two relationships, which act as boundary conditions at the feed/membrane and mem-brane/permeate interfaces [32] :
These relationships describe solute partitioning as it occurs due to sieving (or size) effects, Donnan partitioning, and dielectric exclusion, all of which are important to membrane performance. In these equations, γ i is the solute activity coefficient, Φ i the steric partitioning coefficient, and Φ B the Born solvation coefficient.
Details on how these coefficients are calculated are addressed in Section S.1. The primed subscripts w ′ and p ′ here are used to denote the condition on the feed and permeate sides (just inside the membrane pores depicted in Fig. 1 ).
With these three steps accomplished, the membrane active layer is then discretized in the thickness direction as shown in Fig. 1 , such that one extended Nerst-Planck equation is applied at every discretization point. The resulting system of equations is coupled to the boundary conditions (dictated by electrochemical equilibrium), electroneutrality conditions, and CP layer equations to numerically solve for the concentration profile. Our modeling approach is in tandem with that of Geraldes and Alves [32] , and the reader is referred to another publication [13] for more details.
Fitting parameters: The limitation of traditional NF modeling
Developed over two decades, the DSPM-DE model adopted herein is well-established and has been extensively validated in the literature [32, 42, 43] , and its applicability to the novel class of NF membranes developed by Liu et al. [24] has been demonstrated experimentally in a recent work [13] . Despite its great success, the need for calibration (or membrane characterization) has generally presented a limitation as evident from a study by Bowen and Mohammad [44] , for example, solely dedicated to this purpose. Estimating a membrane's effective pore size, thickness, charge density, and dielectric constant through an expensive experimental protocol is always a requirement before any meaningful insights could be gleaned.
In this work, nonetheless, we pose the problem differently, looking at the model through the lens of a membrane designer. From a modeling standpoint, the performance of any membrane should be dictated by the four fitting parameters mentioned. Accordingly, the fitting parameter space can now be viewed as the membrane design space. Provided its assumptions are satisfied, the model can in principle be employed to probe which membrane properties are desirable for a specific application to achieve low-pressure operation.
The path to implementing such an approach systematically remains ambiguous, however, without clear definitions for 'specialized' performance and 'low-pressure' operation.
Achieving low-pressure separation
In a critical study on modeling NF by the DSPM-DE model, Bowen and Welfoot [42] proved empirically that the permeate flux through the porous NF membranes is accurately predicted by the Hagen-Poiseuille equation with a Staverman (reflection) coefficient of unity, and an effective driving pressure expressed as:
where ∆P is the applied pressure and ∆Π the osmotic pressure difference. Rearranging their result to be expressed in terms of the applied pressure difference yields:
with A m being the membrane permeability as defined by Bowen and Welfoot [42] . In this derivation, µ refers to the solution viscosity, r p to the effective pore radius, and ∆x e to the effective membrane thickness defined as the ratio of active layer thickness to porosity ∆x e = ∆x/A k . The osmotic pressure is calculated herein using van 't Hoff's equation.
Equation 8 has major implications on achieving low-pressure separation in practice. According to this result, two possibilities exist for membranes to operate under low-pressure (for a fixed flux J * v ): increasing membrane permeability, A m , or decreasing the osmotic pressure difference across the membrane, ∆Π, by having improved ion selectivity that leaves a significant concentration of monovalent ions in both the feed and the permeate. In desalination pretreatment, where the focus is on hardness removal for example, improved selectivity implies 'selectively rejecting' the divalent ions Mg +2 and Ca +2 responsible for inorganic fouling, while passing low valence ions present in the feed, such as Na + and Cl − . This unique ability of the LbL1.5C membrane, developed by Liu et al. [24] , has already been shown to be responsible for its desirable low-pressure operation [13] .
Permeability and rejection, however, are generally inversely related as evident from the permeabilityselectivity trade-off encountered in practice [8, 9] . Figure 2 pictorially demonstrates the challenge encountered in membrane technology. 'Meaningful' low-pressure operation requires operation in the upper right-hand quadrant of the rejection-permeability plane. At the very least, either permeability or rejection should be increased while the other is held constant. Improving both permeability and rejection is a preferable alternative, albeit more challenging.
A membrane is said to be 'specialized' for a given application should its properties place it at a higher permeability-rejection frontier relative to alternatives, enabling 'low-pressure' operation. With this objective in mind, we next explore potential avenues by which transport modeling may guide membrane fabrication towards low-pressure operation.
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Figure 2: Permeability-selectivity trade-off encountered in practice.
Pathways to guiding membrane fabrication
Starting with a transport model, several pathways exist for uncovering the desirable characteristics a membrane should possess given an application. One option is numerical optimization [45] , through which the membrane design space forms the parameter space for the optimization problem. The applied pressure difference is taken as the objective function to be minimized under the constraints that the permeate quality (or solute rejection) and flux fall within defined benchmarks. Based on an optimization algorithm, the solver starts from an initial guess for the desired membrane properties and solves the DSPM-DE model iteratively until convergence. While feasible, such an approach would be computationally expensive in light of the degrees of freedom existing and the variety of ions that may constitute the feed solution.
Parametric studies, on the other hand, offer the possibility of generating a master or surface plot on which optima can be located. With this approach, the applied pressure difference is plotted as a function of the different membrane characteristics for a fixed permeate flux and quality. Accordingly, the DSPM-DE model is then solved sequentially at all points of interest. Similar to numerical optimization, the procedure is likely to be computationally expensive. As an alternative, response surface methodology (RSM) could be used to generate a similar response plot based statistical methods using fewer test points [46] . The challenge of gleaning insightful conclusions from a five-dimensional array remains, however.
While all these techniques could in principle be employed to mathematically locate an optimum and predict desirable membrane properties, the greatest challenge will be ensuring that such an optimum is physically achievable: there is no guarantee that an actual membrane could embody the set of properties predicted, especially when those properties are coupled (e.g., tailoring thickness affects pore size).
To resolve these challenges, our study adopts sensitivity analysis to probe for desirable membrane characteristics given an application. Starting from a benchmark membrane, the method varies each property independently, probing the effect of different properties on membrane performance. Unlike other alternatives, sensitivity analysis is computationally cheap. Rather than search for an optimal set of characteristics, sensitivity analysis uncovers 'trends' that are easier to replicate in membrane fabrication. Given the focus of this work on improving membrane performance (as opposed to finding a mathematical optimum), these attributes make the method very attractive from an application standpoint. The method derives its validity from the model's validity: under the condition that the model is valid and its assumptions are satisfied, the insights uncovered by this method should also be valid and satisfied.
Materials and methods
Materials and membranes
To prepare the polyelectrolyte solutions necessary for LbL deposition, poly(allylamine hydrochloride) (PAH, Sigma Aldrich, MW = 120-200 kDa), and poly(styrenesulfonic acid) sodium salt (PSS, Alfa Aesar, MW = 500 kDa) were used with sodium chloride (NaCl, Merck) as the supporting electrolyte (Table 1) , and glutaraldehyde solution (GA, Sigma Aldrich, 50% in water) as the crosslinking agent. In preparing synthetic seawater, sodium chloride (NaCl), calcium chloride (CaCl 2 ), sodium sulfate (Na 2 SO 4 ) and magnesium chloride (MgCl 2 ) were obtained from Merck. In addition, hydrochloric acid (HCl fuming 37%) and sodium hydroxide (NaOH) from Merck were employed in adjusting the pH of solutions. For uncharged solute rejection experiments, neutral organic solutes (ribose, glucose and sucrose) from Sigma Aldrich and Merck were also used. Deionized (DI) water was generated via a Milli-Q system (Millipore, USA).
The polyethersulfone (PES) ultrafiltration hollow fiber substrate and the polyelectrolyte-based selective layers with specific modifications were similar to the benchmark membrane LbL1.5C in our previous study [13] . The inner and outer diameters of the substrate are 1.0 and 1.4 mm, respectively, with the pure water permeability of around 350 L/m 2 ·h·bar and the molecular weight cut-off (MWCO) of 50 kDa.
LbL membrane preparation
While details of the layer-by-layer (LbL) deposition and the GA crosslinking are found in our previous studies [23, 24] , a brief overview of the process is provided herein for completeness. First, the PES hollow fiber substrates were fabricated in-house, and assembled into a coupon-sized module with an effective length of 24 cm. Polyelectrolyte layers, as well as GA crosslinking, were introduced with the help of a syringe into the fibers' interior. Alternating layers of PSS and PAH polyelectrolytes were applied for a predefined contact period (followed by a DI water rinse between the layers) until the desired number of layers was reached.
Details regarding the specific concentration of polyelectrolytes and contact periods adopted for each of the membranes are provided in Section S.3 of the Supporting Information. The resulting membranes were then stored in DI water in preparation for filtration experiments. 
Nanofiltration experiments
Filtration experiments were conducted using a cross-flow filtration setup with applied pressures varying from 1 to 4 bar and a crossflow velocity maintained at 0.3 m/s to counteract the effects of concentration polarization. For uncharged solute rejection experiments, solutions of ribose, glucose, and sucrose with a concentration of 200 mg/kg were used. Single salt rejection experiments, required for membrane characterization as discussed in the next section, were performed with sodium chloride (NaCl) at a concentration of reported in Table 2 . average values were adopted.
Membrane Characterization
In this work, we adopt the membrane characterization method described in detail in our previous study [13] . The method requires four experiments for a given membrane to characterize the effective pore size, thickness, charge density, and pore dielectric constant. The procedure starts by fitting the effective pore size and thickness using pure water permeability and uncharged solute test results. The membrane charge density and dielectric constant are then determined based on single salt and synthetic seawater test results.
The reader is referred to Section S.2 of the Supporting Information for more details on the membrane characterization procedure.
Results and discussion
With a transport model, a membrane modification procedure, and a framework based on sensitivity analysis in hand, this section analyzes the results of the experiments. Hardness removal is defined as the target metric and the LbL1.5C as the benchmark membrane. Modeling results investigating the effect of membrane properties on performance are presented and validated. Based on the insights uncovered, a new specialized membrane, the LbL3, is prepared and is shown to outperform the benchmark.
Target metric and benchmark definitions
The process of achieving a specialized membrane begins with the adoption of a target metric and a benchmark membrane, providing a basis for fair comparison. Considering applications to desalination pretreatment and water softening, hardness removal, R h , is selected herein as the target metric. As commonly expressed in terms of the concentration of CaCO 3 , hardness offers a single value summing the concentrations of calcium and magnesium [47] . The result is a target metric, R h , providing a measure of the total hardness removed from the system:
Here, c i is the solute concentration in g/m 3 , M W the molecular weight in g/mol, and the subscripts p and f refer to the permeate and feed, respectively.
The LbL1.5C membrane, developed by Liu et al. [24] for water softening and desalination pretreatment, is adopted herein as the benchmark membrane given its superior performance. The LbL1.5C is a highly selective NF membrane fabricated in-house using layer-by-layer (LbL) polyelectrolyte deposition of a 1.5
bilayer (PSS/PAH/PSS) with glutaraldehyde (GA) crosslinking on top. Recently, the membrane was shown to achieve an 80 − 90% hardness rejection when treating synthetic seawater below 4 bar pressure [13] . By establishing the LbL1.5C as the benchmark, this work seeks to enhance its performance in light of insights uncovered by transport modeling, as we demonstrate next.
Modeling results
Effect of membrane thickness
To simplify the analysis, we initially adopt a pure water feed to investigate the effect of structural parameters on pure water permeability. Under the assumption of uniform cylindrical pores, the HagenPoiseuille equation may be used to relate the pure water flux to the membrane's structural properties [44, 48, 49] :
where the symbols are defined identically to Eqs. 8-9. Recent experiments confirmed the applicability of this equation to the LbL1.5C membrane [13] .
Following this definition, Fig. 4 depicts the change in pure water permeability, A m , as a function of the effective pore size and thickness. As expected, the permeability increases with increasing pore size and decreasing thickness. A more subtle point, however, is the role played by thickness as an 'attenuating' or 'amplifying' factor for the flux. For a fixed change in pore size, the observed change in permeability is amplified with ∆x e < 1 µm as captured by Fig. 4 . While this result underscores the potential of ultra-thin membranes, it does not capture the effect of lower thickness on selectivity and rejection. To examine the effect of membrane thickness on selectivity, hardness reduction, and applied pressure, Another observation to note from Fig. 5a is the occurrence of negative rejection. This phenomenon, which has been well-documented in the literature [50, 51, 52] , will also be encountered in the upcoming simulation and experimental results. In an earlier work [13] , we successfully modeled the performance of the LbL1.5C in an attempt to provide a detailed account of its unique performance, including the negative rejection of certain ions. A brief explanation addressing this phenomenon will be provided in this section for completeness, and the reader is referred to existing literature for more details.
Negative rejection occurs when the permeate concentration exceeds that of the feed for any given solute in the system. The phenomenon, resulting from the interactions between the ions and the membrane, does not violate mass conservation. Instead, the different ions are allocated among the feed and the smaller permeate volume, such that mass conservation is always satisfied.
The negative rejection of Na + observed in Fig. 5a may be explained by assuming the membrane is impermeable to divalent ions. As Cl − (whose concentration is the largest in the system) faces little retention by the membrane, it travels down its gradient in electrochemical potential with Na + as the only counter-ion available to neutralize the feed and permeate solutions. Accordingly, Na + is 'effectively pulled' by the Cl − to satisfy charge electroneutrality constraints. This effect results in a greater permeate concentration of Na + than would otherwise occur, bringing about the occurrence of negative rejection. Figure 6 demonstrates the predicted change in membrane performance for the LbL1.5C in response to changing membrane charge. In practice, charge may be manipulated per application requirements through a membrane modification process, such as polyelectrolyte deposition, coating, or grafting [53] . As shown in Fig. 6a , the response experienced makes it evident that charge, unlike effective thickness, may be tailored to enhance membrane selectivity among the different ions. While divalent cation rejection improved with positively increasing charge in response to electrostatic interactions and enhanced Donnan exclusion, divalent anion rejection decreased. Given the focus of the current study on hardness removal and desalination pretreatment, the change appears favorable as indicated by Fig. 6b and in agreement with earlier reports by Liu et al. [24, 23] and Fang et al. [22] . Despite the observed improvement in hardness removal, the expected change in applied pressure is relatively insignificant as Fig. 6b demonstrates. This finding is corroborated by the trade-off taking place between divalent cation and anion retentions as membrane selectivity is modified. Although membrane charge spanned a huge range in the simulations, hardness removal was not as sensitive to charge variation (relative to pore size variation as we demonstrate later). At the upper extreme in Fig. 6b , membrane charge actually became notably less effective at improving hardness rejection. The diminishing returns observed are reflective of the exponentially decaying Donnan partitioning term in Eq. 5. As membrane charge becomes more positive, the Donnan potential at the feed/membrane interface, ∆ψ D,w , increases monotonically such that any further increase in the Donnan partitioning effect becomes exponentially less noticeable.
Effect of membrane charge
The observation that hardness removal is not a strong function of membrane charge makes it evident that, in this case, membrane charge might not be the preferred property to modify in search of improved performance. As such, a membrane designer, targeting the LbL1.5C membrane for enhanced desalination pretreatment, is better served by a moderately positive charge (X d ∼ 10 − 20 mol/m 3 ) at which point charge becomes less effective, while instead manipulating the effective pore size, as we discuss next.
Effect of membrane pore size
Holding thickness and charge constant, Fig. 7 shows the change in membrane performance with varying pore size. A membrane may be made tighter and more selective through a membrane modification process, such as chemical cross-linking [24, 54] . As different ions are influenced to varying degrees, Fig. 7a indicates that pore size may also be used to tune a membrane's ion selectivity.
In contrast to monovalent ions, all divalent ion rejections increased as the membrane became tighter. The observed improvement in divalent ion rejection, however, ceased once the pore size dropped below r * p ∼ 0.4 nm. Another interesting insight comes from the order of ions affected by the pore size change. Since the LbL1.5C membrane appeared negatively charged at the feed conditions considered [13] , sulfate rejection was impacted the least and always exceeded that of other divalent ions. On the other hand, due to its higher diffusivity and lower Stokes radius relative to magnesium, calcium rejection dropped the most with pore size.
More importantly, hardness removal, as apparent from Fig. 7b , was highly sensitive to changes in pore size. In fact, a small pore size change entails a sizable hardness removal boost without a significant loss of permeability, a result that we will leverage to improve both permeability and selectivity. As the pore size continues dropping, nonetheless, a critical pore size is encountered, beyond which changes in monovalent ion rejections start playing a prominent role. As shown in Fig. 7b , the applied pressure necessary to provide the benchmark flux rises in conjunction with the higher rejections for monovalent ions. Since these ions constitute the majority of the feed solution, the chemical separation process is heavily penalized by the rising osmotic pressure and falling permeability, such that the applied pressure starts approaching values typical of reverse osmosis [55] . To summarize this section, our modeling results indicated that lowering the effective thickness improves permeability without drastically reducing rejection. Furthermore, a positive membrane charge was found to be beneficial to hardness removal, albeit with diminishing returns at higher values. Additionally, hardness removal was found to be highly sensitive to the pore size. Decreasing the pore size improved the rejection of divalent ions until a critical pore size was reached, beyond which a greater energy penalty was incurred with increasing monovalent ion rejection. In light of these takeaways, Table 3 summarizes the desired range for each of the parameters considered based on modeling results to achieve enhanced selectivity in desalination pretreatment. Parameter Recommended Range ∆x e (µm) < 1 µm
Effect of membrane pore dielectric constant
Our study, thus far, has analyzed the effect of the effective thickness, charge, and pore size on membrane performance in desalination pretreatment. Before transitioning to the validation of the recommendations presented, we offer here a brief overview of the predicted effect of the pore dielectric constant, the last membrane parameter in our model.
As shown in Fig. 8a , rejection across all ions drops with increasing pore dielectric constant. With an increase in the pore dielectric constant, ions experience a lower barrier to solvation as predicted by Born model, bringing about lower rejections. Given the dependency of the Born solvation energy barrier on ion valency (Section S.1 -Supporting Information), divalent ion rejection is seen to be more sensitive to a change in the pore dielectric constant relative to monovalent ion rejection. Below a threshold value (ε p ∼ 35), however, monovalent ion rejection becomes significant. Notably, the effect of the constant on membrane performance can be considerable, and comparable to that of pore size. Figure 8b depicts the effect of the pore dielectric constant on hardness removal and applied pressure.
As the pore dielectric constant is varied from its benchmark value, hardness removal is seen to be highly sensitive to the pore dielectric constant, a trend matched by the underlying ions. Similar to the effect of pore size, applied pressure increases monotonically as the constant decreases, approaching values common to RO when monovalent ion rejection becomes considerable.
While this work has controlled membrane thickness, charge, and pore size (in light of existing literature)
to fabricate a specialized membrane, we could not control the pore dielectric constant. In the next section, experimental results are employed in validating the predicted effects of thickness, charge, and pore size on membrane performance in desalination pretreatment. A discussion of any potential effect the pore dielectric constant might have had on our recommendations and results is discussed in Section 4.5.3.
Experiments and validation
Membrane selection
To validate the results of Section 4.2, two membranes, the LbL1 and LbL2, were purposely fabricated with differing properties using layer-by-layer deposition as discussed in Section 3.2. These membranes, whose properties are summarized in Table 4 , were characterized following the method we outlined earlier in Section 3.4. As shown in Table 4 , the membranes were chosen to differ considerably from the LbL1.5C to allow for a meaningful comparison. This objective is easily achieved by altering one or more of the deposition conditions in light of the high flexibility of the LbL modification process. Relative to the LbL1.5C, the LbL1, for example, featured a high PAH polymer concentration to form more fixed-polymer pairs on the membrane surface (instead of unpaired curved fragments) [56, 57] . Consequently, the LbL1 had a lower effective thickness (almost 50% lower) while the pore size remained relatively constant, albeit a bit smaller.
In sharp contrast, the LbL2 had a larger pore size (notably looser) and the reverse charge (strongly positive) compared to the LbL1.5C, while possessing a relatively similar effective thickness. In this case, a positively charged PAH layer was adopted as the capping layer without GA crosslinking, such that the resultant membrane was positively charged with a looser pore structure. (The design of the LbL3 membrane will be discussed in Section 4.5).
The properties of the LbL1 make it ideal for evaluating the effect of thickness on membrane performance.
As a looser and positively charged membrane, the LbL2, on the other hand, is uniquely positioned to evaluate whether a tighter membrane would be desired in desalination pretreatment as predicted earlier.
Our fabrication work shows the difficulty associated with controlling membrane properties. Unlike modeling, whereby only one property is allowed to vary, variation in one property during fabrication should be expected to cause a slight variation in other properties given practical limitations on membrane fabrication and the coupling that exists between the membrane properties.
Performance evaluation
Once the LbL1 and LbL2 membranes were selected, experiments were run on all membranes following the protocol laid out in Section 3.3. Pure water permeability, uncharged solute rejection, single salt rejection, and synthetic seawater rejection tests were all performed. Given the focus of this work on desalination pretreatment, however, we limit our discussion to pure water permeability and seawater rejection results. coupled with a relatively stable hardness removal predicted by the model, the LbL1 not only outperforms the benchmark LbL1.5C, but actually stands out already as a considerable improvement over it.
For the LbL2, the permeate flux similarly increased relative to the LbL1.5C as the pore sized was increased. In spite of its positive charge, hardness removal surprisingly deteriorated. The fact that a loose membrane was outperformed by a tighter less positive membrane, the LbL1, is significant as it indicates that permeability increased at the expense of ion selectivity and validates experimentally our prediction that hardness removal is highly sensitive to pore size. To offer a more detailed perspective, Fig. 11 compares the rejections for all multivalent ions composing the feed solution at 4 bar applied pressure. Compared to the LbL1.5C, the LbL1 had a very similar rejection profile. Calcium rejection decreased more notably than magnesium's given the membrane's higher negative charge and the ion's smaller Stokes radius and larger diffusivity. In contrast, the LbL2 retention for sulfate decreased most notably as the membrane became positively charged. As the pore size was increased, magnesium and more noticeably calcium rejections also decreased, rendering the membrane less effective overall at hardness removal and desalination pretreatment.
In short, the results reported in this section validate the trends predicted earlier by the transport model.
Together, the modeling and experimental results highlight what membrane properties are desirable for desalination pretreatment. In the next section, we revisit the main takeaways of our analysis before we discuss the preparation of the LbL3. 
Takeaways from modeling and experimental results
With modeling results analyzed and validated experimentally, we may summarize the main takeaways from our analysis, and how it could be employed to offer a pathway to specialized membrane performance in desalination pretreatment. First, our results have demonstrated that membrane effective thickness strongly influences permeability without significantly impacting hardness removal or ion selectivity.
Moreover, a high membrane charge density 'in isolation' was shown to be less effective at boosting performance and improving selectivity in light of the diminishing returns predicted with increasing charge.
A moderately positive charge (X d ∼ 10 − 20 mol/m 3 ), however, was still found to be beneficial in this case as it improved hardness removal. Most importantly, pore size was shown to play a dominant role in dictating a membrane's selectivity for divalent ions.
Together, these insights suggest that an ideal membrane for desalination pretreatment should combine:
(1) a low barrier to permeate flux through a lower effective thickness; (2) a higher ion selectivity through a moderately positive charge; and (3) a 'sufficiently tight' pore structure to effectively block divalent cations.
In the next section, we present our approach to preparing such a membrane, and discuss how its performance fares relative competitors investigated in our study. Table 5 summarize the LbL composition and PAH concentration for each membrane, along with the observed membrane properties. The acronyms "PSS" and "PAH" refer to the polyelectrolytes "poly(styrene sulfonate)" and "poly(allylamine hydrochloride)" used in the LbL deposition process, while "GA" refers to "glutaraldehyde" crosslinking. As reported by Liu et al. [24] and summarized in Table 5 , the benchmark LbL1.5C was fabricated by the deposition of a 1.5 bilayer (PSS/PAH/PSS) with glutaraldehyde crosslinking. Increasing the concentration of PAH led to a decrease in effective thickness demonstrated by the LbL1 by forming more fixed-polymer pairs on the surface, an effect discussed in Section 4.3.1. Since a lower thickness was found to be desirable in our application, a similar concentration of PAH was adopted for all subsequent membranes. Capping the membrane with an additional layer of PAH led to a more positive charge density for the LbL2 in the presence of more amine groups, albeit the pore structure was looser given the absence of glutaraldehyde crosslinking.
To prepare a membrane with the desired specifications relative to the LbL1.5C (thinner, more positive, and tighter), a higher concentration of PAH was adopted in conjunction with an additional capping layer of PAH with glutaraldehyde crosslinking as shown in Table 5 . Depositing an additional PAH layer relative to LbL1.5C (prior to glutaraldehyde crosslinking) provided additional reaction sites (NH 2 groups from PAH), leading to an even tighter pore structure. Membrane characterization results reported in Table 4 confirm that the LbL3 successfully possesses all three specifications required, suggesting that the membrane should outperform the benchmark LbL1.5C.
LbL3 membrane testing
We next look at the experimental performance of the new membrane relative to the benchmark LbL1.5C
and NF270, taken as a proxy for an unspecialized off-the-shelf membrane. Detailed experimental results for the LbL3 covering uncharged solutes, single salts, and synthetic seawater as part of the study are all provided in Section S.4 of the Supporting Information. These results may be compared to a similar set reported for the LbL1.5C in an earlier work [13] to offer a more holistic picture. Given the scope of this work, however, we limit the discussion in this section to desalination pretreatment.
Starting with Fig. 9 , experimental results demonstrate the LbL3 achieved around 30% higher pure water permeability (PWP) relative to the LbL1.5C in spite of its tighter pore structure. The observation is significant as it demonstrates how thickness may be leveraged to improve permeability while still achieving a tighter pore structure and higher selectivity, a result predicted earlier in Section 4.2. Interestingly, NF270 fared well relative to most membranes on the PWP front. As an unspecialized membrane, nonetheless, NF270 was at a significant disadvantage when handling synthetic seawater as our results demonstrate. reduction in permeate hardness, the performance of the LbL3 indicates an improvement on both permeability and ion selectivity fronts relative to the benchmark, proving ultimately the feasibility of employing transport modeling to further membrane fabrication. In contrast, the notably poor performance of NF270 serves as a reminder of the disadvantages that unspecialized membranes can bring to a given application.
A more detailed understanding may be gleaned from Fig. 11 . Among all membranes investigated, the LbL3 attained the highest retention of calcium and magnesium. Overall, the LbL3 retained less sulfate, compared to the benchmark, by virtue of its charge. Finally, we note that the highly negative charge of NF270 led to its drastically poor performance, coming full circle to the observation first made by Fang et al.
[22].
Effect of the variation in the pore dielectric constant
As the pore dielectric constant was not controlled, we end this study by showing that the variation in the pore dielectric constant, while observed experimentally, does not undercut our recommendations for the LbL3. Starting with the benchmark LbL1.5C in Table 4 , the LbL1 featured a relative increase in the pore dielectric constant. Since hardness removal remained relatively stable, the relative increase in the dielectric constant could only have subverted our first recommendation to lower thickness had it been associated with improved performance. In contrast, an increase in pore dielectric constant is expected to decrease performance, so our finding that hardness removal is less sensitive to effective thickness is not challenged by this variation in the dielectric constant between LbL1.5C and LbL1.
Moving on to our second recommendation on charge, both the LbL1 and NF270 exhibited similar pore sizes and thicknesses, and more importantly, had the same dielectric constant. The only major difference among the two membranes lies in charge. The fact that the LbL1, which featured a more positive charge, outperformed NF270 suggests that the preference towards a more positive charge in desalination pretreatment holds as well.
On our third recommendation to decrease pore size, comparing the LbL2 and LbL3 shows that both of them possessed a similar charge. Featuring a smaller pore size, dielectric constant, and thickness, the LbL3 demonstrated a considerably higher hardness removal relative to the LbL2. As hardness removal deteriorates with decreasing thickness, the significant boost in performance is attributed either to the smaller pore size or smaller dielectric constant. Since the pore size varied more significantly among the two membranes, we conclude its effect in this case is likely to have been dominant, consistent with our third recommendation.
Accordingly, our comparison of the different membranes reveals that, in spite of the experimentally observed variation in the pore dielectric constant, our fabrication recommendations for the LbL3 still hold.
In light of the high sensitivity of the membrane hardness removal to the pore dielectric constant as revealed in Section 4.2.4, however, future work should explore potential avenues of controlling this parameter, or modifying it with fabrication techniques as a means of tailoring membrane performance.
Conclusions
A framework relating transport modeling to membrane fabrication was presented, taking the DonnanSteric Pore Model with dielectric exclusion (DSPM-DE) and the semi-dynamic layer-by-layer (LbL) polyelectrolyte deposition as the transport model and the membrane modification tools of choice. Focusing on desalination pretreatment, analytical variations of membrane physical properties were used to define fabrication parameters that achieve high ion selectivity during low pressure operation. The work culminated in the development of a new specialized membrane, the LbL3, offering a 30% increase in permeability and a 50% reduction in permeate hardness relative to our benchmark membrane when treating synthetic seawater.
The key results of this study are:
1. Transport modeling can be employed in guiding membrane fabrication to develop better membranes, demonstrating higher permeability and ion selectivity.
2. A 'specialized' tight membrane could outperform looser versions in both permeability and selectivity.
3. Our model is highly consistent with expected trends, such as the effect of thickness on performance, but allows for rational design of membranes to better tune those trends.
4. Unlike thickness, membrane charge can be employed in tuning ion selectivity. Hardness removal improves with increasingly positive charge, albeit with diminishing returns reflective of the exponentially decaying nature of the Donnan partitioning effect.
5. Pore size dictates a membrane's rejection and selectivity more than thickness or charge.
6. The extremely high sensitivity of rejection to pore size may be leveraged in carefully boosting rejection without considerably sacrificing flux, especially when combined with a reduced thickness.
7. For desalination pretreatment, a membrane should ideally combine: (i) a lower effective thickness,
(ii) a moderately positive charge density, and (iii) a sufficiently tight pore structure. Possessing all three attributes, the LbL3 outperformed the benchmark membrane and achieved the highest hardness removal among all membranes considered.
